The high levels of antigenic polymorphism found in most P. vivax parasites indicate the development of sophisticated evasion of the human immune system [8] . Detailed knowledge of this genetic variation and comparisons of inter-and intra-speciesspecific levels of gene variation will both resolve epidemiological questions about parasite origin and provide tools with which to design an effective vaccine. Polymorphic repetitive sequences,
INTRODUCTION
Four different human malarial parasites are widely disseminated around the world: Plasmodium vivax, P. falciparum, P. ovale, and P. malariae [1] . While P. falciparum is the most deadly of these species, all are capable of causing human infections. In the mid-1950s, the World Health Organization (WHO) began a program to eradicate and halt the global spread of malaria [2] . After its inception, the total number of malaria cases reported in the temperate endemic regions of Europe, Asia, and the Americas decreased [3] . However, infection by P. vivax, which is the most prevalent type of human malaria infection, temporarily decreased and has been increasing lately to 70-80 million cases per year [3, 4] . This is of concern, because it indicates that the threat of P. vivax present to the human population has continued to increase despite preventive efforts. In the late 1970s, it appeared that the vivax malaria threat would be successfully eradicated from South Korea, but in 1993 the parasite reemerged near the demilitarized zone between South and North Korea [5, 6] . Since then, the number of malaria cases has increased exponentially in endemic regions of South Korea, and currently 1,000-2,000 cases are reported per year, presenting a problem to public medical care in South Korea [7] .
A prerequisite to the design of effective vaccines for malaria is analysis of the polymorphisms contained in the genome of P. vivax. Of particular interest are those unique antigens that may be under selection by the host immune system. Subsequent studies on microsatellites, single nucleotide polymorphisms (SNPs) or repetitive regions may provide the basis for the strategic development of mono-or polyvalent vaccines, as well as aid in answering the fundamental molecular and epidemiological questions surrounding P. vivax. The ability to distinguish the subtle interplay of genetic transmission among different populations of malaria is necessary to fully understand the local and global epidemiology of a parasitic species. In this article, we will review the characteristics of the known polymorphisms in the genes of antigenic proteins from the South Korean isolates of P. vivax, and discuss the current issues surrounding the gene and population structures of this parasite.
particularly microsatellites and SNPs, have rarely been exploited as vaccine candidate for P.vivax infection. The determination of complete sequences and positional similarity mining with other interspecies sequences will accelerate the search for useful genetic markers [9] . In particular, a genome-wide next-generation sequencing technique and a gene-specific microarray system are needed [10, 11] .
Elucidation of the genetic diversity of Korean isolates will enhance knowledge of the biology and epidemiology of P. vivax. To date, the following antigenic markers have been tested and reported for Korean P. vivax (Table 1) : circumsporozoite protein (CSP), merozoite surface protein 1 (MSP-1) and MSP-3, Duffy binding protein (DBP), apical membrane antigen 1 (AMA-1), and GAM-1 [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
CSP
The CSP is abundantly expressed on the surface of the sporozoite and is one of the candidate antigens for malaria vaccine. The gene encoding P. vivax CSP (PvCSP) was first cloned and sequenced in 1985 [23] . PvCSP comprises 3 distinct domains; a central repetitive (CR) domain with a variable number of tandem repeats, and 2 highly conserved non-repetitive terminals. The letters indicate the polymorphic variation sites. The dots and dashes represent identical residues and deletions, respectively.
The CR domain varies in length and in sequence content among the strains of P. vivax and belongs to 1 of 2 genotypes of nonapeptide repeat units (GDRAD/AGPQA or ANGAGNQPG), named respectively VK210 or VK247 [23, 24] . Investigation of genetic differences (i.e., polymorphisms) in the repeat region of CSP provides useful information on the geographical distribution of malaria isolates in endemic regions. CSP is also a prime candidate antigen for vaccines being developed for malaria, and an anti-CSP vaccine has successfully completed Phase III clinical trials [25] . South Korean P. vivax isolates contain unique PvCSP polymorphisms in the CR domain, and in the pre-and post-repeat regions [12] [13] [14] . Two predominant allelic variants with minor variations in nucleotide sequences in the VK210 genotype have been identified in all South Korean isolates; the nonapeptide sequences are repeated 18 times in South Korean type A (SKA) (or KPVCSP96-6) and 20 times in South Korean type B (SKB) (or KPVCSP96-11) [12] [13] [14] . No cases of VK247 or of the mixed type have been found in South Korean P. vivax [12] . Similarly, the VK210 type variant is predominant in Azerbaijan strains, as in the South Korean isolates [26] . The allelic frequency of VK210 in Thailand was found to be 77%, whereas 62% of Colombian isolates were VK247 [27, 28] . We therefore postulate that this specific type predominance phenomenon could be attributed to an adaptive response to selection pressure on a particular genotype [29] or to a preferential production of sporozoites carrying a more efficient gene for certain mosquito species [30] . In addition, the effects of geographic origin or regional temporal fluctuations of genotypes could influence type predominance [29] .
PvCSP SKA (or KPVCSP96-6) and SKB (or KPVCSP96-11) alleles from current South Korean isolates are similar to those from Chinese (CH-5) and North Korean isolates, respectively [12] [13] [14] . CH-5 and North Korean isolates are classified as the East Asian group and the apparent genetic similarities are explained as due to regional proximity [12] . Therefore, the data strongly suggest that the reemerged P. vivax in South Korea originated from East Asia. All isolates carry the same pre-repeat sequences [14] and harbor a 36-bp post-repeat insert (GGNAANKKAEDA) [12] [13] [14] . Both of these characteristics were previously observed in P. vivax isolates from North Korea and China (CH2-7) [31, 32] . In the post-repeat region, the only difference between 2 Korean genotypes is the presence of 3 additional tandem copies of a 4 amino-acid sequences (GGNA) found in the SKA (or KPVC-SP96-6) allele and 2 copies in the SKB (or KPVCSP96-11) allele.
MSP-1
Merozoite surface proteins, including MSP-1, MSP-2, and MSP-3, play an important role during the invasion phase of the erythrocyte's life cycle. These proteins have previously been studied as potential targets for vaccine development [25, 33] . The P. vivax MSP-1 (PvMSP-1) is expressed as a 200 kDa protein on the merozoite surface, and has been cloned and sequenced [34] . The primary structure of PvMSP-1 was originally characterized from the Belem and Salvador-1 (Sal-1) isolates, and consists of conserved, semi-conserved, and polymorphic regions [34, 35] . Sequence comparisons indicate that 10 regions are relatively conserved among the species of Plasmodium [34] . These interspecies conserved blocks (ICBs) show an overall sequence similarity of 48% in pair-wise alignments. This highly polymorphic nature may indicate an additional use for MSP-1 as a potential alternative molecular epidemiologic marker for genotyping P. vivax [36] . In malaria parasites isolated from Brazil [37] , Sri Lanka [38] , Colombia [39] , Papua New Guinea [40] , and Thailand [41] , the intervening region between ICB5 and ICB6 demonstrates a dimorphic nature. Relatively frequent inter-allelic recombination types have also been observed, indicating the possibility of a new third type of PvMSP-1 in addition to types 1 (Belem) and 2 (Sal-1) [42] .
Alignment of 31 district alleles, including 2 South Korean allelic types, showed that PvMSP-1 has the mosaic pattern, consisting of the 7 inter-allele conserved blocks flanked by 6 variable blocks [43] . Sequence comparison and mapping of MSP-1 polymorphic regions between ICB5 and ICB6 obtained from 25 South Korean isolates showed very similar gene structures, which would belong to inter-allelic recombination types of MSP-1 [15] . The pre-poly Q repeat region of Korean isolates are identical to that of Sal-1 strain, whereas poly Q repeat region is similar to that of Belem strain. Comparison of sequences between ICB 5 and 6 with those of other regional isolates indicated that the gene structures of Korean isolates are similar to those of Thai isolates (TD424 and TD525) [15] .
Investigation of genetic variability in the region between ICB4 and ICB5 of South Korean isolates using sequence analysis and a type-specific PCR showed the co-existence of 2 different genotypes, SKA and SKB [16] . Non-synonymous nucleotide point mutations were identified at 13 sites, and synonymous nucleotide substitutions were found at 16 sites. However, 12 missense mutations for SKA and 14 missense mutations for SKB of ICB4-5 were identified in comparison with the Belem strain (1081-2025 sites). Eleven point mutations appeared at the same sites in both SKA and SKB, whereas 2 missense mutations at the residues 526 (Glu Asp) and 529 (Thr Lys) were found only in SKB. A type-specific PCR study showed that, of the 100 samples collected in 1999, 52 vivax malaria patients had SKA, 28 had SKB, and 20 had both SKA and SKB [16] . When compared with genotypes of isolates from other global regions, the SKA and SKB of PvMSP-1 ICB4-5 were closely related to Solomon Island (Solo-83) and Philippine (Ph-49, Ph-52-2 and Ph-79) isolates [16] . However, the 2 alleles of South Korean isolates were clearly distinguishable from previously reported genotypes [16] . The low genetic diversity of Korean isolates may be due to the low transmission intensity in domestic areas with limited seasonal prevalence of malaria or to suboptimal conditions for the transmission of the mosquito [44] . In other global endemic areas, commonly known PvMSP-1 diversities, such as ICB2-ICB4 and ICB8-ICB10, have been indexed [45, 46] . However, information on these regions has not been studied for PvMSP-1 from South Korean isolates.
MSP-3
The P. vivax MSP-3 (PvMSP-3) is a 150 kDa protein comprised of 3 characteristic domains; an alanine-rich central domain having a series of heptad repeats that are predicted to form a coiledcoil tertiary peptide structure, and a highly conserved C-and Nterminal region [47] . The PvMSP-3 gene family consists of 3 intraspecies genes, PvMSP-3α , PvMSP-3β , and PvMSP-3γ , and it exhibits a high degree of genetic diversity [48] . PvMSP-3 is a useful polymorphic marker in endemic areas [49] . The antigenic nature of PvMSP-3 made it a candidate for a potential malaria vaccine [25, 50] .
The genetic characteristics of PvMSP-3 from South Korean isolates were determined in 2004 [17] . The genetic properties of PvMSP-3 from the Korean isolates can be divided into 2 distinct allelic types: types I (SKOR-67) and II (SKOR-69). Type I is similar to that of the Belem strain, except for the degree of amino acid sequence variation. However, type II is more similar to the Chesson strain, with differences in amino acid sequences at positions 558-563 and 605-612. Both type I and type II isolates appear to differ from the North Korean strain, particularly in the 13 sequences that comprise the coiled-coil heptad repeats, although the sequence similarity between the 2 types of South Korean isolates and the North Korean strain is 87-90%. When the genotypes of PvMSP-3 in the Korean isolates were compared with those of PvMSP-1, a close correlation was found between the 2 genetic loci [17] . Type I of PvMSP-3 is associated with type A of PvMSP-1, and type II with type B. The 2 isolates also exhibit crossing combinations with type II for PvMSP-3 and type A (SKA) for PvMSP-1.
DBP
The P. vivax Duffy binding protein (PvDBP), one of the erythrocyte-binding proteins, is a 140 kDa protein that contains 2 functionally conserved cysteine-rich regions, regions II and IV [51, 52] . The polymorphic nature of the antigen, particularly in region II, which contains the central binding domain necessary for the adherence to erythrocyte, is a major impediment to the successful design of a protective vaccine against vivax malaria [53] . Therefore, a precise sequence classification method that offers a high degree of accuracy will strengthen the potential use of a PvDBP malaria vaccine candidate.
Most of the predicted amino acid sequences in region II of PvDBP are quite conserved and show a high degree of sequence similarity to the Belem and Sal-1 strains [20, 21] . Kho et al. [20] reported a 2.2% substitution rate in a total of 225 amino acids within region II of the Belem strain. Suh et al. also found a 3% substitution rate among the 606 amino acids of region II [21] . Phylogenetic analysis using a neighbor-joining method has also revealed that region II (amino acid 291-515) of DBP is divided into 2 distinct cluster groups [53] . The amino acid substitutions were commonly found to carry a few non-synonymous mutations in the middle of a cysteine-rich region. Although the consequences of mutations in region II are unknown, these variations are not predicted to affect the binding affinity of PvDBP to erythrocytes [54] .
PvDBP regions III (or IV) from South Korean isolates can be classified into 2 alleles on the basis of the grouping of mutations in the nucleotides or the corresponding amino acids [20, 21] . Tsuboi et al. classified PvDBP alleles into 3 groups according to the nucleotides inserted in region III (or IV) [55] . The first group has only a 6 bp insert, the second group has only a 30 bp insert, and the third group has both of these inserts. Sequence analysis of region III (or IV) has revealed that the SK-1 (or P97-11) allele has a tandem repeat of a 6 bp insert, which is identical to region III (or IV) of the Papua New Guinea isolates. The SK-2 (or P97-14) allele contains the same 30 bp insert and is also identical to the Sal-1 gene.
AMA-1
The P. vivax apical membrane antigen 1 (PvAMA-1) is thought to play an essential role in erythrocyte invasion since it shows a high degree of interspecies conservation [56, 57] . This gene has only a few predominant haplotypes and thus limited genetic diversity has been shown in various geographic regions [52] . However, SNPs have been identified in some gene regions of PvAMA-1 [57] . Thus, identification of SNPs may provide an opportunity to use this gene as a marker for typing parasite populations [58] .
Sequence analyses of the polymorphic region corresponding to nucleotides 324-735 (amino acids 108-245) of the PvAMA-1 gene have indicated on the basis of an amino acid residue substitution that 2 genotypes are present in South Korean isolates [18, 19] . The Korean isolates contain non-synonymous sequence variations at 3 different positions as compared to the Belem strain. Variation at the position of amino acid residue 189 (Glu Lys) has been found only in SKOR type I (or SKA). Comparison of 219 sequences of isolates collected from 9 countries revealed that the PvAMA-1 polymorphism in Korean isolates is similar to that in 2 Chinese isolates [18, 19] . SKOR type I (or SKA) is identical to AAP, and SKOR type II (or SKG) is identical to an AAN haplotype of Chinese isolates. It was concluded that these 2 genotypes of AMA-1 are common in East Asian countries, such as China and South Korea [19] . However, due to a lack of detailed information on the molecular specificity, the overall geographical characteristics of PvAMA-1 are not yet known. To elucidate the geographical distribution of PvAMA-1, more information and genetic investigations of isolates from Southeast Asia, China, North Korea and their neighboring countries are necessary.
GAM-1
The P. vivax GAM-1 (PvGAM-1) is expressed during the gametocyte stage of the malaria life cycle. PvGAM-1 has a potential as a transmission-blocking vaccine candidate that could completely stop the development of parasites in the mosquito [59] . Although PvGAM-1 has been used as a new polymorphic marker for field studies of P. vivax population, frequent failures during gene amplification limits its suitability for this purpose [60] . PvGAM-1 displays polymorphic deletions of a repetitive 33 bp motif near the 3′end in a limited number of Sri Lankan and Indian isolates [61, 62] . Sequence analysis of the polymorphic region of PvGAM-1 (Belem strain nt 3792-4029) in South Korean isolates revealed only 1 genotype containing four 33 bp motifs [22] . The predominance of a single genotype in South Korean isolates may imply that the intensity of malaria transmission in the region is very low, or it may indicate that the polymorphic region of PvGAM-1 is not a real epitope that is associated with transmission blocking [61, 63] . In conclusion, PvGAM-1 is not a good polymorphic genetic marker in Korean P. vivax isolates.
POPULATION GENETICS AND TRANSMISSION INTENSITY
In endemic areas, the level of genetic diversity, or the extent of mixed type population of P. vivax, is expected to differ by the transmission efficiency, since the only chance for genetic recombination is during meiotic periods [57] . Plasmodium parasites are haploid cells throughout their life cycle, except in the sexual stage. Malaria parasites in hyperendemic zones, such as Papua New Guinea and Thailand, exhibit higher transmission rates and higher degrees of recombination in the genes encoding malaria vaccine antigens, including CSP, MSP-1, and MSP-3α [27, 40, 64] . In P. vivax malaria, the estimated proportion of genetically mixed type infections in Papua New Guinea, Thailand, and India ranges from 30% to 65% [27, 40, 64] . On the other hand, the frequency of the mixed type infection (observed by type-specific MSP-1 PCR) in South Korean isolates is nearly 20% [16] . Overall, South Korean P. vivax usually shows relatively low genetic diversity. This is probably due to the low rate of malaria transmission intensity and the few strains involved.
Knowledge of the genetic population structure of malaria parasites helps to reveal the distribution of genetic differences within a limited population and to elucidate how variations change over time. Moreover, quantification provides useful information, including the level of genetic drift, how alleles are spatially distributed, and how the genetic diversity is organized. There is considerable population diversity of Plasmodium sp. in endemic regions [52, 57] . However, little is known about the genetic diversity and population dynamics of P. vivax in the Korean Peninsula, although malaria has been prevalent for many centuries and is a current public health problem.
CONCLUSION
Genetic studies of several antigenic proteins, including CSP, MSP-1, MSP-3, DBP, and AMA-1 isolated from strains of P. vivax malaria that reemerged in South Korea, have shown the co-existence of 2 distinct haplotypes. The genetic diversity of the genes of interest is very low in South Korean isolates. This may be due to the effect of the limited seasonal prevalence and the transmis-sion abilities of the mosquito vector. In comparison with the polymorphism seen in genetic markers in other endemic regions, South Korean isolates are most similar to those of East Asia, including China and North Korea. Very few studies have investigated the genetic population structure of P. vivax in Korean isolates. Studies remain inconclusive regarding both the genetic characteristics of antigens, including mutations that lead to antigenic variation and population structures of P. vivax. Future studies may provide further information that may lead to the development of an effective P. vivax vaccine.
